Abstract. The nutrient cycles of coastal upwelling zones are studied with simple mass balance models of Ekman transport, longshore transport, surface productivity, and dissolved phosphorous. The models are constrained with data from the Peru, northwest Africa, and Oregon upwelling systems. The onshore-offshore mass balance model agrees with published Ekman transport, surface productivity, and nutrient data as well as hypothesized nutrient f-ratios for highly productive coastal settings. The onshore-offshore model suggests that increased primary productivity in glacial-era coastal upwelling zones was not a linear function of Ekman transport, but instead was probably dependent on the physical and chemical dynamics of a specific setting. In the Peru upwelling system, longshore equatorward surface currents and poleward undercurrents produce positive surface nutrient gradients in the equatorward direction and relatively constant gradients in subsurface waters. Longshore nutrient gradients off northwest Africa are positive in the equatorward direction for both surface and subsurface waters. These observations are consistent with the conceptual model of surface and subsurface currents which are moving toward the equator and continually being upgraded by the offshore flux of nutrients. The northwest Africa and Peru data are not consistent with the longshore nutrient model of Redfield et al. (1963).
Introduction
Understanding exchanges of nutrients and oxygen between various parts of the ocean and the atmosphere has occupied the imagination of oceanographers and earth scientists for decades [e.g., Broecker, 1974 creased low-latitude upwelling during a glacial climate may have produced lower atmospheric CO 2. Boyle [1986] presents a box model which suggests that increased low-latitude upwelling lowered atmospheric CO 2 by-25 parts per million by volume. The rain ratio theory [Berger and Keir, 1984] holds that increased Ekman transport during glacial times decreased atmospheric CO 2 due to the very high organic carbon/carbonate carbon ratios which are typical of upwelling zones. $arnthein et al. [1988] summarize palcoproductivity relationships of the low-and mid-latitude oceans and how they may have influenced atmospheric CO 2.
Discussions of low-latitude upwelling during glacial periods implicitly assume that stronger zonal winds increased Ekman transport along coastal margins or Ekman pumping near the equator. This in turn increased surface productivity thereby decreasing atmospheric CO2. All of these assumptions merit examination within the framework of modem meteorological and oceanographic data. For instance, although it is recognized that stronger winds generally cause higher Ekman transport [e.g., Smith, 1981; Lentz, 1992] , there are dynamic situations such as the western coast of Australia where equatorward winds result in little or no Ekman transport [Smith et al., 1991] . On the other hand, the commonly assumed link between strong Ekman transport and high surface productivity has not been critically examined with data from modem coastal upwelling zones.
The present study was undertaken to provide a quantitative understanding of the relationships between Ekman transport, longshore currents, surface productivity, and nutrient concentrations in coastal upwelling zones. The procedure involves constructing simple, mass balance models of idealizeA coastal upwelling. Chemical data bases from well-studied modem oceanographic settings then constrain results of the mass balance models. The study is meant to address several questions. (1) Are the relationships between productivity, Ekman transport, and nutrient flux consistent between upwelling zones in widely different settings? (2) Can the longshore model of RedfieM et al. [1963] be validated by field data and used to explain the development of oxygen depletion and nutrient enrichment in water over continental shelves? (3) What implications might these simple mass balance models have for upwelling systems in the geologic past? Although not specifically addressed by this study, the procedure is applicable to equatorial upwelling as well as coastal upwelling.
Models of Modern Coastal Upwelling
The general physical, biological, and chemical processes in modern coastal upwelling zones are agreed upon by most researchers [e.g. Richards, 1981] . Upwelling occurs along the eastern borders of ocean basins (i.e., the western edges of continents) where winds are equatorward. These equatorward geostrophic winds are the result of quasi-stationary, high-pressure atmospheric cells in the middle of the ocean. In the modem ocean, coastal upwelling is most intense along the coasts of northwest Africa, southwest Africa, Peru-Chile, and the west coast of the United States. Seasonal upwelling occurs in various parts of the Indian Ocean. Palcogeographic reconstructions in conjunction with the placement of atmospheric high-and low-pressure cells have allowed zones of coastal upwelling to be pinpointed in palcogeographic reconstructions [e.g. Parrish, 1982] .
The equatorward winds in a coastal upwelling system produce a surface shear stress which is balanced by Coriolis forces. The resulting flow is perpendicular to the wind direction. The total amount of mass transport (termed Ekman transport) is equal to x/f where x is the wind shear stress andf is the Coriolis parameter. Surface Ekman transport occurs in a relatively shallow (order of tens of meters) zone near the surface. The thickness of the Ekman layer is a function of the density stratification, the Coriolis parameter, and the shear stress in the fluid and can vary significantly from one upwelling system to the next [Smith, 1981; Lentz, 1992] .
The offshore movement of water due to Ekman transport is balanced by the onshore transport of water beneath the surface Ekman layer. Upwelled water is generated within 100-300 m of the surface [Bowden, 1983; Pond and Pickard, 1983 ] and generally flows upward over the continental shelf and/or shelf break.
The effect of the upwelling process is to cause isopycnals to intersect the water surface adjacent to a landmass (Figure 1 ). The dense, nutrient-rich water enhances surface productivity adjacent to the coast. The level of surface productivity is usually greatest near the coastline and decreases seaward.
The highest concentration of biologically produced materials such as chlorophyll is located seaward of the zone in which isopycnal surfaces intersect the water surface tBaden_Dangon et al. [1986] parisons necessary to constrain models of coastal upwelling. A simple model of biological particle flux using PO n as the master variable is employed in this study. The multiple nitrogen compounds present in some coastal upwelling environments (e.g., NO3, NO2, NHn) make this a more difficult element to model. Oxygen could also be modeled if exchange with the atmosphere were taken into account. Modeling oxygen concentrations, however, is complicated by nitrate reduction in the deep water of low-oxygen systems.
The 
Equations (6) and (7) can be combined to yield: Northwest Africa. Along the northwest coast of Africa, upwelling occurs throughout the year between 20 ø and 25 ø N latitude and seasonally over much wider latitudes [Futterer, 1983] . The data used here is from a transect at 21 ø 40' N near Cape Blanc collected during the JOINT I expedition in the spring of 1974 [Barber, 1977] . In this area, the continental shelf is -50 km wide. The highest values of surface productivity occur over the shelf. Although circulation along the shelf margin is spatially and temporally complex, the entire zone is characterized by an equatorward surface current (the Canary current). (Table 1) .
Oregon. The Oregon upwelling system was analyzed in detail during the Coastal Upwelling Ecosystems (CUE II) program in 1973 (Table 1). Upwelling is most intense between late May and August [Small and Menzies, 1981].
Ekman transport is weaker than that of the Peru and Oregon systems (Figure 3, Table 1 ). There is a very strong longshore equatorial jet and relatively weak poleward undercurrent (Figure 3) . Depths of the jet and undercurrent do not correspond to the depths of onshore and offshore transport.
Oregon upwelling productivity and nutrient databases for the period in which Ekman transport analyses were conducted are not as comprehensive as they are for Peru •.
• Table 1 ). The degree to which these geochemical data match productivity and Ekman transport data (Table 1) tween Ekman transport, surface productivity, and nutrient consumption yield consistent results for three well-studied field areas with distinctly different bathymetries and source water chemistry. In the studies of Smith [1981] and Lentz [ 1992] as well as the box model calculations of Ekman transport using nutrient and surface productivity data (Table 2) In the Peru upwelling system, the upper (pzp) layer shows a small equatorward nutrient increase, whereas nutrient contents in the lower remain relatively constant (Figure 9 ). The cause of these observations does not lend itself to an easy explanation. The fact that the longshore upper and lower layer velocities on the Peruvian shelf are in opposite directions means that the first term on the right-hand side of (9) is positive. In order for the lefthand term of (9) to be close to zero (Figure 9 Figure 3 ), yet oc• appears to be > 0.33 (Table 2) .
Phosphate data from northwest Africa increases in the equatorward direction for both upper and lower layers (Figure 10 ). Since the upper and lower velocities over the shelf of northwest Africa are both equatorward 
Discussion

Glacial-Interglacial Paleoclimate Scenarios
The discovery that glacial atmospheres had considerably less CO 2 than the interglacial atmospheres has led to numerous theories concerning the coupling of the atmospheric, oceanic, and terrestrial carbon reservoirs during the Pleistocene [e.g., Keir, 1989 The data and models presented here (equations (6)-(9)) suggest that a simple longshore nutrient model does not adequately describe the distribution of nutrients and oxygen in coastal upwelling zones. In a setting with differential longshore advection (Peru), subsurface nutrient gradients are very small (Figure 9 ). On the other hand, both surface and longshore nutrient gradients increase in the direction of longshore flow off the coast of northwest Africa (Figure 10 ). These results suggest that coastal zone anoxia and nutrient enrichment is much more likely to be dependent on cross-shelf Ekman transport and/or surface productivity rather than longshore advection. 
